Following stress, tRNA is cleaved to generate tRNA halves (tiRNAs). These stress induced small RNAs have been shown to regulate processes such as translation initiation and stem cell function. To date, angiogenin (ANG) is considered the main enzyme that cleaves tRNA at its anti-codon site to generate 35 ~ 45 nucleotide long 5' and 3' tiRNA halves. Herein, using rat model of focal ischemia and 2 different rat neuronal cell lines exposed to different stresses, we show that tRNA cleavage is a selective process that is heterogenous amongst different tRNAs. We also report for the first time the existence of non-canonical tRNA cleavage that is angiogenin independent and that tRNA cleavage is cell specific and stress specific. Moreover, we show that angiogenin-mediated tRNA cleavage itself is tRNA selective and that angiogenin overexpression doesn't lead to the expected overt tRNA cleavage in the cells. Finally, the proposed enzymes responsible for this non-canonical tRNA cleavage do not appear to be regulated by RNH1, the angiogenin inhibitor.
Introduction
tiRNAs are small non-coding tRNA derived fragments that are produced via tRNA cleavage during stress and are also present under physiologic conditions (Goncalves et al., 2016; Rashad et al., 2020b) . tRNA cleavage's regulation and exact functions are still not fully understood. While Angiogenin (Ang) is identified as the main enzyme responsible for the generation of tiRNA fragments (Elkordy et al., 2018; Yamasaki et al., 2009) , there are studies hinting to other enzymes being involved in this process that are yet to be identified (Krishna et al., 2019) . Moreover, does these small RNAs play a role beyond the reported protein translation repression or not is still not known (Emara et al., 2010; Ivanov et al., 2011; Ivanov et al., 2014; Rashad et al., 2020b) . There are also contradictory results in the literature regarding their protective or cytotoxic effects in the cells (Ivanov et al., 2014; Thomas et al., 2018) . Our previous results hints to a cytotoxic effect of tiRNAs, as neuroprotective therapy reduced tRNA cleavage , similar to other reports indicating a cytotoxic effect of tiRNAs (Thomas et al., 2018) . However, other groups have reported protective effects of tiRNAs via protein translation repression, stress granule assembly and cytochrome c quenching (Ivanov et al., 2011; Ivanov et al., 2014; Saikia et al., 2014) . Thus, more studies are needed to address these differences and identify their root causes, whether they are cell or tissue specific or cell stress pathway specific.
The cleavage process of tRNA was shown to be regulated, at least at some level, via tRNA methylation modifications such as 1-methyadenosine (m 1 A) modifications and 5methylcytosine (m 5 C) modifications via a variety of tRNA methyltransferases or demethylases (Chen et al., 2019; Kawarada et al., 2017; Liu et al., 2016; Rashad et al., 2020a; Tuorto et al., 2012) . This indicates a higher-level regulation rather than a global cleavage pattern, since not all tRNA species are equally modified and the affinity of certain tRNA methylation modifying enzymes is selective to particular tRNAs (Chen et al., 2019; Kawarada et al., 2017; Liu et al., 2016) .
Here we wanted to explore this proposed specificity of tRNA cleavage following in vivo and in vitro stresses and using different cell lines and different stressors. We discovered that not all tRNAs are cleaved equally, and that the cleavage sites are varying between different tRNAs and also between different cell lines. We here report a non-canonical pattern of tRNA cleavage that is yet to be explored in the terms of its effectors. We also explored the
Results and Discussion
tRNA is cleaved after tMCAO in a tRNA-species specific manner tMCAO was previously shown to induce tRNA cleavage . We observed that the maximum tRNA cleavage is observable 24 hours after reperfusion (Data not shown).
Thus, we selected this time point for our evaluation.
Next, we wanted to evaluate if tRNA cleavage after I/R injury is a global phenomenon or specific to particular tRNA-species. We used DIG-labeled probes to evaluate individual cytosolic and mitochondrial tRNA species cleavage 24 hours after reperfusion ( Figure 1 ).
Following I/R, the cleavage pattern was selective to particular species. tRNA-Arg CCT , was not cleaved in vivo. Also, tRNA-Met CAT (also known as initiator tRNA-Met or tRNA iMET ) was not cleaved after I/R. While tRNA-Gly GCC , tRNA-Leu AAG and tRNA-Ala AGC were robustly cleaved. tRNA-Gln CTG was only minimally cleaved, and the membrane needed extended exposure periods in order to reveal the 5'tiRNA fragments resulting from this cleavage.
Mitochondrial tRNAs were also cleaved, as evident from the analysis of several mt-tRNAs.
Interestingly, the phenotypical appearance of the cleavage pattern appears to deviate from the canonical angiogenin-mediated tRNA cleavage visible with cytosolic tRNA species in some of the mitochondrial tRNA species. While the 5'tiRNA fragments resulting from cytosolic tRNA cleavage were typically between the 35 to 45 nucleotide mark, indicating canonical cleavage at the anti-codon, the 5'tiRNA fragment from mt-Tyr GTA , mt-Ala TGC and some mt-Asn GTT fragments were much larger, being detected between 50 and 60 nucleotides mark. mt-Asn GTT GTT cleavage was bimodal, with fragments at the canonical size of 35 to 45 nucleotides and other non-canonical larger fragments similar to what was observed with mt-Tyr GTA . mt-Met CAT and mt-Gly TCC were largely canonically cleaved, although mt-Met CAT exhibited several larger non-canonical 5' fragments as well.
These findings indicate that the process of in vivo cleavage of tRNA is vastly different between cytosolic and mitochondrial tRNAs, at least for the tested tRNAs. It also clearly indicates the presence of other cleavage sites (other than the anti-codon) for the generation of stress induced tiRNAs.
In vitro tRNA cleavage is cell line and stress specific and shows non-canonical fragments 6
In this step, we wanted to evaluate the cleavage pattern of tRNA in vitro. In particular, we wanted to evaluate whether tRNA can be cleaved non-canonically in vitro and whether the cleavage patterns are the same under different stress conditions and in different cell lines. We exposed PC12 and B35 cells (both rat neuronal cell lines) to oxidative stressors using toxic doses of sodium meta-Arsenite (As) (Elkordy et al., 2018) and Antimycin A (AM), which targets mitochondrial respiratory complex III (Zhou et al., 2011) . Exposure of PC12 cells to As led to induction of apoptosis and robust tRNA cleavage (Supplementary figure 1A) , while exposure to 200µg/ml of antimycin A, a dose that is 20 times the reported to induce pyroptosis and inflammasome activation in other cell lines (Zhou et al., 2011) , did not have significant effect on cell viability or gross tRNA cleavage. On the other hand, both As and antimycin A induced cell death and tRNA cleavage in B35 cells as evident by Annexin V assay and SYBR gold staining (Supplementary figure 1B) . This indicates that observable tRNA cleavage is synonymous with initiation of cell death, and that cellular responses to different stressor dictates tRNA sensitivity to cleavage and gross tiRNA generation.
To examine this notion, we used DIG-labeled DNA probes to evaluate individual tRNAs' cleavage in both cell lines following As and antimycin stresses. First, we examined cytosolic tRNA cleavage in PC12 and B35 cells after As or antimycin stresses ( Figure 2 ). We observed several differences in the cleavage patterns of tRNA between PC12 and B35 cells.
Leu AAG showed quite an interesting pattern of cleavage under different stresses and between the 2 cell lines. While As stress caused canonical cleavage of Leu AAG in both cell lines, antimycin stress caused an enrichment of a non-canonical 5'half in PC12 cells with minimal enrichment of the canonical 5'halves. On the contrary, antimycin stress led to canonical cleavage of Leu AAG in B35. Considering that PC12 cells were resistant to antimycin stress, there is an apparent correlation between the non-canonical cleavage of Leu AAG and cellular responses to ischemia. Such a correlation needs further analysis, indeed, to evaluate if there is a causative link between this process and cellular fate. Therefore, efforts to sequence the nancanonical fragments of Leu AAG as well as other tRNAs should be sought after.
Ala AGC was only cleaved after As stress in PC12 canonically, but not after AM stress. It was cleaved both canonically and non-canonically after AM stress in B35 with minimal cleavage after As stress in B35 cells.
Gly GCC was cleaved canonically in both cell lines, although antimycin stress in PC12 cells did not lead to its cleavage. Gln CTG was only cleaved in B35 cells into a canonical 5'tiRNA 7 fragment after both stresses and an extra non-canonical fragment only after antimycin stress.
Met CAT was not cleaved in both cell lines. Arg CCT was cleaved non-canonically after antimycin stress in B35 cells only resulting in a large 5'tiRNA fragment. Lys CTT was cleaved into 2 5'tiRNA fragments after As stress in PC12 and after As and antimycin stresses in B35.
Both fragments were within the canonical range of tiRNAs (i.e 35 ~ 45 nt) suggesting that the cleavage occurred at the anticodon and at a nearby site. Moreover, Lys CTT showed a large non-canonical tiRNA fragment after antimycin stress in B35 cells. Glu CTC was also cleaved canonically after As stress in PC12 and after As and antimycin stresses in B35 with a noncanonical tiRNA fragment observed after both stresses in B35, albeit more evident after antimycin stress.
Mitochondrial tRNA cleavage also showed observable differences between PC12 and B35 cell lines ( Figure 3 ). mt-Tyr GTA was cleaved after As stress in PC12 (in a more or less degradation-like manner with many fragments observable) while it was cleaved canonically and non-canonically after antimycin stress in B35 but not As stress. mt-Met CAT showed noncanonical cleavage after As and antimycin stresses in PC12 cells, although to a higher degree with As stress, while no observable cleavage was noted in B35 cells. mt-Asn GTT , mt-Gly TCC , mt-Ala TGC and mt-Arg TCG were not cleaved in both cell lines.
It's notable to observe the differences exist not only between these cell lines under the same stress, but also between in vivo and in vitro patterns of tRNA cleavage and the species cleaved. Collectively, these results indicate a stress, cell type and tRNA specific pattern of cleavage rather than a global non-specific cleavage mechanism. These results also show that non-canonical cleavage is specific and not a result of haphazard degradation of tRNA, since the same tRNA species were non-canonically cleaved in certain conditions and not the others.
Overall, we observed non-canonical cleavage in vivo to occur in mitochondrial tRNAs and in vitro to be more evident with the mitochondrial targeting stressor antimycin. This suggests a big role played in mitochondrial stress and dynamics in regulating canonical versus noncanonical tRNA cleavage.
Ang and RNH1 overexpression; impact on tRNA cleavage after stress
Angiogenin is currently regarded as the main enzyme involved in tRNA cleavage (Emara et al., 2010; Ivanov et al., 2011; Ivanov et al., 2014; Lyons et al., 2017; Yamasaki et al., 2009) . RNH1 is the angiogenin inhibitor (Furia et al., 2011; Pizzo et al., 2013; Saikia et al., 2012;  8 Thomas et al., 2018; Yamasaki et al., 2009) , and its knockout was reported to increase cytotoxicity via what believed to be Angiogenin induced tRNA cleavage (Thomas et al., 2018) . Here we sought to answer two questions. First, is Angiogenin responsible for the noncanonical tRNA cleavage we observed? And if not, what is the enzyme or possible enzymes responsible for this process? The second question was; how specific is the Angiogenin mediated tRNA cleavage, and does Angiogenin cleave all tRNAs?
To answer these questions, we introduced DNA plasmids to overexpress human Angiogenin (hAng), as we reported previously (Elkordy et al., 2018) , or RNH1 into PC12 cells ( Figure   4A and B). Then we exposed the cells to As (400µM) or antimycin (200µg/ml) stresses for 4 hours and observed the impact of hAng or RNH1 overexpression on gross tRNA cleavage as well as species-specific tRNA cleavage.
First, hAng overexpression in PC12 cells increased gross tRNA cleavage following As stress and not antimycin stress as observed by SYBR gold staining ( Figure 4C ). RNH1 overexpression, however, did not lead to the expected effect of suppressing tRNA cleavage ( Figure 4D ).
To further characterize these findings, we looked into several tRNA species' specific cleavage patterns following gene overexpression ( Figure 5 ). Leu AAG , which showed canonical and non-canonical 5'tiRNA fragments especially after antimycin stress, showed an interesting pattern. While hAng enhanced the canonical Leu AAG 5'tiRNA fragments especially after antimycin stress, it had no effect on the larger non-canonical fragments.
Moreover, RNH1 overexpression reduced the canonical 5'tiRNA fragments following antimycin stress and not after As stress, and again had no impact on the non-canonical fragments.
Lys CCT , Ala AGC and Gly GCC expressed a modest increase in cleavage following hAng overexpression, while RNH1 suppressed their cleavage. Notably, these tRNAs showed little changes with RNH1 expression following As stress.
Glu CTG did not exhibit significant changes in the levels of its 5'tiRNA fragments after hAng or RNH1. mt-Met CAT , which is cleaved mainly non-canonically, showed an opposing effect.
It appears that hAng overexpression reduced the non-canonical cleavage, while inhibiting angiogenin via RNH1 overexpression mildly enhanced this cleavage pattern. 9 These results indicate that the impact of angiogenin on tRNA cleavage is not only stress specific, but it is also limited to specific tRNA species, and it is not as extensive as previously thought (a finding that was recently corroborated by other researchers (Su et al., 2019) ).
Moreover, it indicates that angiogenin has no impact on the non-canonical 5'tiRNA fragments generation. We hypothesize that it rather may be competing with another unknown enzyme for the cleavage sites of tRNA, as evident in mt-Met CAT . Thus, when angiogenin has higher affinity to a given tRNA, canonical cleavage takes the upper hand, and vice versa.
Unfortunately, sequencing efforts from knockout cell lines did not account for such a hypothesis as the non-canonical cleavage and existence of large tiRNAs was not reported previously to the best of our knowledge. Therefore, such non-canonical fragments were probably excluded from the analysis of the sequencing data as they are larger than the usually focused on canonical fragments .
Summary and conclusion:
We report for the first time the existence of stress induced non-canonical tRNA cleavage that does not involve angiogenin and that occurs at regions not involving the anti-codon segment of tRNA, as apparent from the 5'tiRNA fragment size. This should be taken in consideration in future works involving the use of next generation sequencing technology, as these larger fragments were not previously reported probably due to the filtration processes that would inadvertently exclude these larger fragments from downstream analysis. Sequencing different tiRNAs with different cleavage sites and sizes can lead to further understanding of the functional differences between canonical and non-canonical tRNA cleavage and what different tiRNAs can bind to or regulate. Moreover, we show that the process of canonical cleavage itself must include enzymes other than angiogenin. This stems from the fact that RNH1 overexpression failed to reduce the gross tRNA cleavage and also failed to impact several tRNAs studied here and that angiogenin overexpression did not increase the cleavage of all tRNAs studied and when it did, it was not uniform under different stresses. Previously, only RNH1 knockdown or knockout were attempted in the context of stress induced tRNA cleavage (Thomas et al., 2018; Yamasaki et al., 2009 ). This would in essence leave angiogenin, as well as other RNases unchecked leading to enhanced tRNA cleavage.
However, the failure of RNH1 to impact non-canonical tRNA cleavage or the cleavage of several tRNA species indicates that the other proposed tRNA cleaving enzymes do not belong in the group of enzymes inhibited by RNH1. Finally, angiogenin showed an apparent selectivity to the tRNAs it enhanced its cleavage after overexpression. This indicates a higher 1 0 level of functional regulation that is yet to be explored. This regulation could be on the level of tRNA modifications (Rashad et al., 2020b) or at the protein level (i.e. several enzymes competing for tRNA cleavage for example as we hypothesized). Recently, we reported the impact of the tRNA m 1 A demethylase Alkbh1 on regulating tRNA cleavage (Rashad et al., 2020a) . Based on our findings, m 1 A demethylation via Alkbh1 impacted tRNA cleavage in a stress specific manner in vitro. Moreover, we observed differences between canonical and nocanonical fragments' expression after Alkbh1 overexpression or knockdown, indicating the contribution of tRNA methylation to the regulation of canonical versus non-canonical tRNA cleavage. Interestingly, the impact of Alkbh1-induced demethylation on tRNA cleavage was significantly more robust than overexpressing human angiogenin (Rashad et al., 2020a ).
While we acknowledge there is a lot to be explored in terms of the presented work, we hope our work will stimulate further research into this interesting non-canonical process of stress induced tRNA cleavage.
1 1 Methods Animals: transient middle cerebral artery occlusion (tMCAO) was induced in 8 weeks old, 180-200gm male Wistar rats as previously described (Faheem et al., 2019) . Animals were bought from a local vendor (Kumagai-Shoten Sendai) and housed in a controlled environment with 12 hours light/dark cycle and temperature regulated at 23°C. Animals were allowed to acclimatize for at least 24 hours before any experimental procedures. All experiments were conducted according to protocols approved by the animal care facility of Tohoku University (Ethical approval number 2017MdA-137-3) and according to the ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines. All animal surgeries were performed between 9am and 4pm. No blinding was performed for this work.
Animal model for transient middle cerebral artery occlusion (tMCAO):
The ischemiareperfusion model was performed as described previously (Faheem et al., 2019) . In brief, after induction of anesthesia using inhalation anesthesia by 66% nitrous oxide and 33% oxygen plus 1.5% isoflurane gas mixture, a midline incision was performed, carotid bifurcation exposed, external carotid artery ligated and incised and a coated occlusion suture (4035PKRe5, Doccol, Corp., Sharon, MA, http://www.doccol.com/) was inserted to occlude the middle cerebral artery for 60 min. After the occlusion period the suture was removed to induce reperfusion injury, the wound sutured, and the animals allowed to rest before being sacrifice at the designated time points based on a simple randomization scheme designed in Excel (Microsoft corp.). after reperfusion. Animals from were sacrificed after 24 hours. Sham animals were prepared by performing all the surgical steps without suture occlusion of the MCA. Northern blot and SYBR gold staining: tiRNA generation using SYBR gold staining was performed as we previously described (Elkordy et al., 2018; Elkordy et al., 2019) . In brief, 4µg of total RNA were loaded per well after denaturation by heating at 70°C for 3 minutes in sample buffer (Novex TBE-Urea sample buffer; Thermo fisher Scientific, Catalog# LC6876).
Cell culture and in vitro stress
Samples were electrophoresed using Novex 15% TBE-Urea Gels (Invitrogen, Carlsbad, CA, Catalog# EC68755;) in 1x TBE buffer (Bio-Rad, Catalog# 161-0733). Gels were then incubated with 10,000-fold diluted SYBR Gold nucleic acid gel stain (Life technologies, Eugene, OR, Catalog# S11494) in 0.5× TBE buffer for 30 min at room temperature. Stained gels were visualized using Chemi-Doc MP Imager (Bio-Rad, Hercules, CA) and analyzed by Image Lab Software (Bio-Rad, Hercules, CA. RRID# SCR_014210).
DIG-labeled probes based tiRNA detection:
Detection of individual tRNA and tRNA species using targeted DIG-labeled probes was performed as we reported previously (Elkordy et al., 2018; Elkordy et al., 2019) . Following membrane transfer and cross linking, membranes were pre-hybridized in DIG Easy Hyb solution (Roche, Catalog# 11603558001) for 30 minutes at 40°C followed by overnight incubation at 40°C with 1 µg/ml DIG-labeled DNA probes in DIG Easy Hyb solution with 1 3 continuous agitation. After two low stringency washes for 5 minutes each with 2× saline sodium citrate/ 0.1% sodium dodecyl sulfate buffer (2x SSC buffer; Promega Co., Madison, WI, Catalog# V4261) and a high stringency wash for 2 min with 1x SSC buffer, the membrane was blocked in blocking reagent (Roche, Catalog# 11585762001) for 30 min.
The membranes were then probed with alkaline phosphatase labeled anti-DIG antibody Following acquisition of images using the DIG-labeled probes, membranes were stripped using 0.1x SSC -0.5% sodium dodecylsulphate (SDS) solution at 80ºC for 30 minutes then washed briefly in PBS-T and re-probed or stored in 5x SSC buffer for long term storage at 4ºC.
Western blotting:
Following plasmid transfection, cells were collected and lysed in NE-PER nuclear and cytoplasmic extraction reagent (Thermo Fischer, Cat# 78833). The protein content was determined using the Brachidonic-acid assay kit (Thermo Fisher Scientific, Cat# 23227).
Equal loads of proteins were separated with the Mini-PROTEAN TGX system (Bio-Rad Laboratories) and transferred to polyvinylidene difluoride membrane (Bio-Rad Laboratories).
Membranes were incubated with antibody against RNH1 (1:500, Sigma Aldrich, Cat# SAB2103138) or with anti-FLAG antibody (1:400, Sigma Aldrich, Cat# F3165) overnight at 4 . After incubation with horseradish peroxidase-conjugated secondary antibody (IgG detector, Takara Clontech, Cat# T7122A-1), the antigen was detected using chemiluminescence Western blotting detection reagents (Pierce ECL Western Blotting Substrate, Thermo Fisher Scientific Inc., Rockford, IL, the USA, Cat# 32106). The image was scanned with ChemiDoc (Bio-Rad Laboratories). Membranes were striped using stripping buffer (Restore Western Blotting Stripping Buffer, Thermo Fisher Scientific Inc., Cat# 21059) and re-probed using anti-beta actin (1:5000, Rabbit IgG, Cell Signaling Technology, Cat# 13E5) using the same steps that were used previously. Semi-quantification was performed utilizing the ImageJ software after correcting the signal to an internal control (beta-actin).
Annexin V flowcytometry (FACS) assay
Apoptosis and cell death were analyzed using flowcytometry Annexin V assay as per our published protocol . In brief, following exposure to stress in 24 well plate, cells were collected by trypsinization using 0.25% Trypsin in EDTA and washed using Cytosolic tRNAs Arg CCT and Met CAT were not cleaved while Gly GCC , Ala AGC and Gln CTG were cleaved canonically (white arrow), although Gln CTG needed extended exposure to show the tiRNA fragments. Leu AAG was robustly cleaved after MCAO, however, we observed a non-canonical fragment (red arrow) to be present in sham animals as well as after MCAO, suggesting a physiologic role. B: Mitochondrial tRNAs were cleaved canonically (mt-Gly GCC , mt-Arg TCG ; red arrow), non-canonically (mt-Tyr GTA , mt-Ala TGC ; red arrow) or show both modes of cleavage (mt-Asn GTT , mt-Met CAT ). Canonical fragments, red arrow: non-canonical fragments. A: Leu AAG was cleaved canonically in B35 after both stresses, while it was cleaved canonically after As and noncanonically after A.M in PC12 cells. B: Gly GCC was cleaved canonically after As in PC12 and after As and A.M in B35 cells. Gly GCC needed extended exposure duration to reveal the tiRNA fragments. C: Ala AGC was cleaved after As in PC12 cells (also needed extended exposure) while it was minimally canonically cleaved after As in B35 cells and canonically and non-canonically cleaved after A.M stress. D: Gln CTG was not cleaved in PC12, while it was cleaved canonically after As and canonically and non-canonically after A.M in B35 cells. E: Met CAT was not cleaved in either cell lines. F: Arg CCT was only cleaved non-canonically after A.M in B35 cells. G: Lys CTT was cleaved into 2 5'tiRNA fragments after As in PC12 cells, both fragments were within the range of the canonical fragments, suggesting that at least one of them was cleaved off the anti-codon (i.e. non-canonical cleavage). But we cannot identify clearly which one at the moment. B35 cells showed the same pattern after As and Specific tRNAs were probed using DIG-labeled probes to evaluate the impact of hANg or its inhibition by RNH1 on their cleavage in PC12 cells. hAng and RNH1 had no effect on the non-canonical fragments in Leu AAG and mt-Met CAT , and even showed a paradoxical response in the latter with RNH1 moderately increasing the non-canonical cleavage. The impact of hANg was stress specific and also tRNA specific, impacting selected tRNAs under either As or A.M or under both stresses depending on the tRNA species. Black arrow: canonical fragments, red arrow: non-canonical fragments. Shorter exposure images for the overexposed blots are presented in supplementary figure 3.
